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ARTICLE INFO ABSTRACT 
Article history: Due to increased attention towards clean and sustainable energy, distributed energy (DE) systems are 
Received 7 March 2009 gaining popularity all over the world. Power electronics are an integral part of these energy systems 


Accepted 29 May 2009 being able to convert generated electricity into consumer usable and utility compatible forms. But the 


addition of power electronics adds costs to the DE capital investments along with some reliability issues. 
Keywords: Therefore, widespread use of distributed energy requires power electronics topologies that are less 
Distributed FEIEN -a expensive and more dependable. Use of modular power electronics is a way to address these issues. 
aa interface Adoption of functional building blocks that can be used for multiple applications results in high volume 
Integrated power electronics modules production and reduced engineering effort, design testing, onsite installation and maintenance work for 
specific customer applications. In this paper, different power electronics topologies are reviewed that are 
typically used with distributed energy systems. The integrated power electronics module (IPEM) based 
back-to-back converter topologies are found to be most suitable interface that can operate with different 
DE systems with small or no modifications. Also the requirements for a hierarchical control structure 
with standardized power and communication interfaces are addressed in the paper along with some 
discussion on future design possibilities for the IPEM-based power electronics topologies. It is expected 
that modular and flexible power electronics and standardized controls and interfaces, will provide 
commonality in hardware and software for the power electronics interfaces, thus will enable their 
volume production and decrease their cost share in distributed energy applications. 
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1. Introduction 


Distributed energy (DE) systems have already made a 
significant impact on the energy market and will certainly affect 
energy scenarios in the near future. These DE systems include but 
are not limited to photovoltaics (PVs), wind, microturbine, fuel 
cells, and internal combustion (IC) engines [1]. In addition, several 
energy storage systems such as battery and flywheel are under 
consideration for DE to harness excess electricity produced by the 
most efficient generators during low loading. This harvested 
energy can be released onto the grid, when needed, to eliminate 
requirement for high-cost generators. The inclusion of storage 
capabilities in the distributed generation system actually provides 
the user with dispatchability of its distributed resources which 
generally are renewable energy sources, like PV and solar, that 
have no dispatchability without it. All these DE technologies 
require specific power electronics (PE) capabilities to convert the 
power generated into useful power that can be directly inter- 
connected with the utility grid and/or can be used for consumer 
applications. Because PE interfaces function similarly, the devel- 
opment of scalable, modular, low cost, highly reliable PE interfaces 
will improve the overall cost and durability of distributed and 
renewable energy systems. 

Although most of DE systems are not new in technological 
respect, they are receiving increased attention today because of 
their ability to provide combined heat and power, peak power, 
demand reduction, backup power, improved power quality, and 
ancillary services to the power grid. The visibility of renewable 
energy sources are increasing significantly due to common 
concerns about fossil fuel scarcity, increased pollution, weakened 
national security, and higher production of greenhouse gases 
related to the conventional power plants. In the United States, the 
adoption of Renewable Portfolio Standards by several state 
governments is also creating a big thrust to generate a certain 
percentage of energy produced by renewable energy sources. Even 
with all the benefits renewable energy has to offer, the decision on 
DE installations are still largely dependent on initial capital cost. 
Although power electronics are the integral part of most of the DE 
technologies and can provide significant benefits [2], they can be 
very costly. In Fig. 1, a representative chart is given that compares 
the average PE costs in terms of percentage of total capital costs for 
four DE systems. It is evident from the figure that the PE can 
contribute up to 40% of the total capital cost [3]. 

Therefore the improvement of the DE economics strongly 
requires decreased costs for the power electronics. Another 
important aspect to the life-cycle cost of the DE systems is 
reliability. Many of the power electronics used for DE applications 
have a low reliability and typically operate less than 5 years before 
a failure occurs. 
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Fig. 1. Power electronics costs compared to total capital costs for DE systems. 


In the United States, California Energy Commission Public 
Interest Energy Research (PIER) program has taken the initiative to 
implement projects to accelerate the use of DE systems, in part by 
addressing the cost and reliability of the one common element of 
all of the distributed and renewable technologies-the power 
electronics interface (PEI). According to a survey conducted by 
Navigant Consulting under this initiative had found that from the 
commercialization perspective, the key business needs for DE 
power electronics are reducing costs and improving reliability [4]. 
Associated with these cost and reliability issues, three major 
technology challenges exist when discussing power electronics for 
DE applications [4]. 


e There is a lack of standardization and interoperability among 
power electronics components and systems. This increases the 
cost of manufacturability and reduces volume and reliability. 

e Power electronics devices must be modular and scalable. This 
will simplify applications and designs, leading to increased use; 
higher production volumes will lower costs and improve 
performance. 

e Current research focuses on power electronics subsystems and 
component rather than the DER system package. Improvements 
in the system package are urgently needed for DER. 


Power electronics building block (PEBB) is a known concept 
for designing modular PE systems that incorporates integration 
of power devices, gate drives, and other components to 
functional blocks [5]. Adoption of functional building blocks 
that can be used for multiple applications results in high volume 
production, and reduced engineering effort, design testing, onsite 
installation and maintenance work for specific customer 
applications. The value of integration can be enhanced with 
standardization of interfaces of the building blocks, control or 
protections requirements [6]. 

The purpose of this paper is to provide a consolidated resource 
that describes the most common power electronics interfaces for 
DE applications and outlines possible power electronics topologies 
that will lead to a low cost, reliable power electronics interfaces. 
Various power electronics topologies are discussed for different DE 
systems to find a generalized topology that can be used for 
different DE applications with very small or almost no modifica- 
tion. The objective for such generalized power electronics 
topologies is to apply the PEBB concept into designing a power 
electronics interface that is flexible to work with different sources; 
scalable to meet different power requirements; with modular 
design, lower cost, and improved reliability; and will improve the 
overall cost and durability of distributed and renewable energy 
systems. 

Also discussed in this paper are the challenges that must first be 
overcome to reach the goal of modularity. One challenge lies in 
defining the power and communication interfaces. The power 
connection interfaces must be simple enough for the common 
consumers to accomplish installation. Standardization is also 
required for the communication interfaces between modules, 
packages and controllers. IEEE standards do not currently address 
this issue, so there is no standard for communication between 
different products [6,7]. To have complete modular power 
electronics interface systems, the control software must be 
functionally divided into hierarchical levels and interfaces must 
be standardized between levels, so that the application software 
becomes independent of the hardware specifications of power 
stage; and products from different vendors can communicate and 
work with each other [8]. Furthermore, if both sides of an interface 
support device self-identification and system resources assign- 
ment, then the so-called plug-and-play implementation is feasible 
for future PEI systems. 
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2. Power electronics for distributed energy systems 


The design of the power electronics depends on the specific 
energy source or storage application. The power electronics 
interface accepts power from the distributed energy source and 
converts it to power at the required voltage and frequency [9]. DE 
systems that generate AC output, often with variable frequencies, 
such as wind, microturbine, IC engine or flywheel storage need AC- 
DC converters. For DC output systems like PV, fuel cells, or batteries, 
a DC-DC converter is typically needed to change the DC voltage level. 
The DC-AC inverter is the most generic for all the DE systems and 
converts a DC source to grid-compatible AC power. Additionally, for 
the storage systems, bidirectional flow of power between the 
storages and the utility is required. The most common power 
electronics interfaces for DE applications are discussed next where it 
is assumed that the DE systems are connected to the three-phase 
utility and galvanic isolation is required between the DE systems and 
the utility. There are some transformer-less configurations available 
in literature that can be used for the DE systems. But such topologies 
are more for the European countries and Japan where system 
grounding is not mandatory for the DE inverters. In the United States, 
the National Electrical Code (NEC) Article 690 requires system 
grounding and monitoring for ground faults, when the maximum 
output voltage reaches a certain level, e.g., 50 V [10]. Also instead of 
three-phase utility connection, DE systems can also be connected to 
the single-phase utility, where the three-phase utility inverter has to 
be replaced by the single-phase inverter. 


2.1. Photovoltaic systems 


Photovoltaic (PV) technology involves converting solar energy 
directly into electrical energy by means of a solar cell. A solar cell is 
typically made of semiconductor materials such as crystalline 
silicon that absorb sunlight and produce electricity through a 
process called the photovoltaic effect. Individual solar cells are 
usually manufactured and combined into modules that consist of 
36-72 cells depending on the output voltage and current of the 


3-Phase Inverter 


module [11]. The distinction between modules and arrays is 
important when considering power electronics interfaces, as 
power electronics manufacturers design their products using 
either module-centric or array-based approaches. The power 
electronics topologies for the PV systems can be categorized on the 
basis of number of power processing stages, location of power 
decoupling capacitors, utilization transformers, and types of grid 
interfaces [6,12]. The two most common topologies are discussed 
next. 

A centralized converter-based PV system is shown in Fig. 2. This 
is the most common type of PV installation in the past. PV modules 
are connected in series and/or parallel and the DC output of the PV 
array is connected across a filter capacitor. The output of the 
capacitor connects to the input of a voltage source three-phase 
inverter. The output of each phase of the converter is connected to 
an inductor and capacitor to limit the high-frequency harmonics 
injected into the AC system. A three-phase transformer is then 
used to connect the inverter to the utility providing voltage boost 
and galvanic isolation. The primary advantage of this design is the 
fact that if the inverter is the most costly part in the installed PV 
system, this is the least cost system design due to presence of only 
one inverter. The primary disadvantage of this configuration is that 
the power losses can be high due to the mismatch between the PV 
modules and due to the presence of string diodes [11]. Another 
disadvantage is that this configuration has a single point failure at 
the inverter, therefore it has less reliability [10]. 

To avoid the bulky low-frequency transformers, which are 
regarded as poor components mainly due to their relatively large 
size and low efficiency, the multiple-stage conversion systems are 
widely used in PV applications. The most common topology 
consists of a DC-AC grid-connected voltage source inverter along 
with DC-DC PV connected converters. A simple design for a 
multiple-stage PV inverter is shown in Fig. 3, which utilizes a high- 
frequency transformer included in the DC-DC converter. In 
general, the maximum power point tracking (MPPT) and voltage 
boost are done by the DC-DC converter controller and the power 
flow control to the utility as well as the sinusoidal unity power 
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Fig. 2. PV system with three-phase centralized inverter. 
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Fig. 3. PV system with high-frequency transformer based isolation. 
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Fig. 4. Wind system with partially rated power electronics. 


factor current injection to the utility are obtained by the DC-AC 
inverter controller [11]. 


2.2. Wind energy systems 


Wind turbines convert kinetic energy in the wind into 
mechanical power that can be converted into electrical energy 
with a generator. The modern wind turbine technology can 
fundamentally be divided into three categories: the systems 
without power electronics, the systems with partially rated power 
electronics and the systems with full-scale power electronics for 
interfacing wind turbines [11]. 

The first type uses an induction generator; the wind turbine 
spins the rotor shaft of a squirrel cage-rotor induction generator 
connected directly to the grid without any PE interface. This wind 
turbine needs to operate at a constant speed (with an allowable 
variation of 1%-2%) and adjusts speed of the rotor by controlling 
the pitch of the wind turbine blades [11]. The induction machine 
requires reactive power to operate that can be either supplied from 
the utility grid or by capacitors connected at the machine 
terminals. 

Another solution of using a medium scale power converter with 
a wound rotor induction generator, known as doubly fed induction 
generator (DFIG), is shown in Fig. 4. A power converter connected 
to the rotor through slip rings controls the rotor currents. This 
design does allow the wind turbine to have some amount of 
variable speed operation. If the generator is running super- 
synchronously, the electrical power is delivered through both the 
rotor and the stator. If the generator is running sub-synchronously 
the electrical power is only delivered into the rotor from the grid. 
The solution is naturally a little bit more expensive compared to 
the previous solution, however it is possible to save on the safety 


Rectifier 


DC Bus 


margin of gear, having reactive power compensation/production 
and more energy captured from the wind. This arrangement allows 
the generator stator winding to be undersized by about 25% with 
the power electronics making up the power difference from the 
rotor power [6,11]. 

A third type of wind turbine design uses a conventional or 
permanent magnet synchronous generator to convert the wind 
turbine power to a variable voltage, variable frequency output that 
varies with wind speed. A PE-based rectifier and inverter, as shown 
in Fig. 5, are then used to convert the full rated output of the 
machine to power that is compatible with the utility system. This 
design allows the wind turbine to operate in a variable speed mode 
which can allow more of the energy of the wind to be captured. 
Though diode bridges are often used as the rectifiers, due to cost 
considerations, self-commutated active rectifiers provide more 
flexible control [11]. 


2.3. Microturbines 


Microturbines were developed by the industry through 
improvements in auxiliary power units originally designed for 
aircrafts and helicopters and customized for customer-site electric 
user applications. They can burn a variety of fuels including natural 
gas, gasoline, diesel, kerosene, naphtha, alcohol, propane, methane 
or digester gas. The majority of commercial devices presently 
available use natural gas as the primary fuel [9]. 

The shaft construction defines many important characteristics 
of the microturbine that eventually influence the required power 
electronics and control system. There are mainly two types of shaft 
construction, single-shaft and split-shaft [9]. In a high-speed 
single-shaft design, the compressor and turbine are mounted on 
the same shaft and the alternator rotates at speeds of 90,000- 
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Fig. 5. Wind system with full-scale power electronics. 


S. Chakraborty et al. / Renewable and Sustainable Energy Reviews 13 (2009) 2323-2335 


Rectifier 


DC Bus 


2327 


Inverter 


High 
Frequency 
Generator 


Microturbine 


AY ep 


3 Phase 


Transformer Salty 


woth 


Fig. 6. Microturbine system with DC-link power converters. 


120,000 revolutions per minute (rpm). The microturbine drives a 
high-frequency generator that may be either synchronous or 
asynchronous type [13]. The split-shaft microturbines are very 
different in terms of design and electrical power output. The split- 
shaft design has a power wheel on a separate shaft and transfers its 
output to a conventional generator using a gear reducer [9]. This 
system typically employs the two-pole generator sets running at 
3600 rpm. Although the manufacturer claims that this type of 
microturbine does not need power electronics, it requires 
synchronizing equipment and relays for connection to the utility 
grid. 

The most common power converter topology that is used for 
connecting microturbines to the grid is the DC-link converters [13]. 
The high-frequency power from the generator must be converted 
to DC first either by using diode-bridge passive rectifier or by self- 
commuted active rectifier. The DC-link is then used to construct 
three-phase voltages at 60 Hz using DC-AC inverter. Fig. 6 shows a 
microturbine generator feeding power to the utility by DC-link 
converters. 

The main shortcomings of the AC-DC-AC conversion unit are 
large physical dimensions, high weight, and excessive volume/ 
foot-print of the DC-link component, i.e. the DC capacitor (and if 
applicable the inductor) and the low reliability of the DC capacitor. 
To overcome these problems, a cycloconverter or a matrix 
converter can be used to connect microturbine generator to the 
grid instead of using rectifiers and inverters [14], as shown in Fig. 7. 
They are not yet commercial due to cost and technological issues 
associated with them [13]. 


2.4. Fuel cell systems 


A fuel cell is an electro-chemical device that produces 
electricity without any intermediate power conversion stage. 
The most significant advantages of fuel cells are low emission of 
greenhouse gases and high power density. The energy density of a 
typical fuel cell is 200 Wh/I, which is nearly ten times of a battery. 


The efficiency of the fuel cell is also high in the range of 40-60%. If 
the waste heat generated by the fuel cell is used for cogeneration, 
the overall efficiency of such a system could be as high as 80% [11]. 

Fuel cells can be classified into five different categories based on 
the electrolyte chemistry, including proton exchange membrane 
fuel cell (PEMFC); solid oxide fuel cell; molten carbonate fuel cell; 
phosphoric acid fuel cell; and aqueous alkaline fuel cell. The 
PEMFCs are rapidly becoming the primary power source in 
movable power supplies and distributed generation (DG), because 
of their high energy density, low working temperature, and firm 
and simple structure [15]. 

Power generated by the fuel cell is DC, hence similar to a PV 
system, the power conditioning systems, including inverters are 
required in order to supply normal customer load demand or send 
electricity into the grid. The simplest form of fuel system power 
electronics configuration, as shown in Fig. 8(a), consists of a fuel 
cell followed by the DC-AC converter [16]. A DC-DC converter is 
usually put between the fuel cell and the inverter, as shown in 
Fig. 8(b). The DC-DC converter performs two functions, one is the 
DC isolation for the inverter, and the second is to produce sufficient 
voltage for the inverter input, so that the required magnitude of the 
AC voltage can be produced [16]. 


2.5. Internal combustion engines 


Internal combustion (IC) engines burn liquid or gaseous fuels to 
convert chemical energy into mechanical energy in the form of 
moving pistons. The pistons then spin a shaft and convert the 
mechanical energy into electrical energy via an electric generator. 
IC engines can be of either spark ignition types that use natural gas, 
propane, or gasoline; or compression types that use diesel or heavy 
oil [9]. 

Typically most IC engines are interconnected to the utility 
through a fixed speed synchronous generator that has protective 
relays. In automotive application, it has been shown that the 
torque curve of a diesel engine is optimized for high power versus 
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Fig. 7. Microturbine system with matrix converter. 
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Fig. 8. Fuel cell system with (a) single inverter and (b) inverter and isolated DC-DC converter. 


speed performance over the range 1000-3600 rpm. But for power 
generation and direct utility connection, the generator speed must 
be constant for 60 Hz systems, depending on the number of 
generator poles. Therefore, conventional IC engines do not utilize 
the full speed range of the engine on the application or removal of 
electrical loads. Using a power electronics interface with an IC 
engine offers the advantage of having variable speed operation of 
the IC engine which in turn optimizes fuel usage for varying loads 
[17]. 

The variable speed IC engine-generator configuration can be of 
different types depending on the generator. The basic power 
electronics designs are similar to the power electronics topologies 
used with wind system. For synchronous generator or cage 
induction generator, variable voltage, variable frequency output is 
converted to the 60 Hz utility compatible AC by using back-to-back 
rectifier-inverter configurations, similar to Fig. 5 [17]. Also the 
doubly-fed induction generators and associated power electronics 
can also be used (as shown in Fig. 4) [18]. 


2.6. Battery energy storage systems 


Lead-acid batteries are the prevalent form of electrical energy 
storage in use today. They have a commercial history of well over a 
century, and are being applied in every area of the industrial 
systems including telecommunication, emergency power, and 
auxiliary power in stationary power plants. Because of their low 
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cost and ready availability, lead-acid batteries are typically the 
default choice for energy storage in any new applications. This 
popularity comes despite many perceived disadvantages, includ- 
ing low specific energy (W h/kg) and specific power (W/kg), short 
cycle life, high maintenance requirements, and environmental 
hazards [19]. Other types of batteries, such as zinc-bromine flow 
batteries, vanadium redox batteries, sodium sulfur batteries and 
nickel-electrode batteries are also shown promise for future 
electrical storage applications [19]. 

All of the battery technologies produce DC that must be 
converted to AC power to connect to the utility. The individual 
battery cells are generally connected in different configurations in 
series and/or parallel to achieve the required voltage and current 
outputs. The power conditioning systems, including inverters and 
DC-DC converters, are often required for the battery energy 
storage systems (BESSs). The most unique aspect to power 
electronics for BESS is that they must be bidirectional, that is 
both taking power (during charging) and providing power (during 
discharge) from/to the grid. Unlike PV and fuel cell inverters, 
however, BESS inverters are not expected to consider the peak 
power operations. They only provide the power level demanded by 
the system that can be sustained by the battery [9]. 

The simplest form of battery energy storage system configura- 
tion, as shown in Fig. 9, consists of a BESS followed by DC-AC 
converter. If the isolation or a high voltage conversion ratio is 
required, a transformer is usually integrated into the system [20]. 
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Fig. 9. BESS with single inverter configuration. 
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Fig. 10. BESS with bidirectional DC-DC converter and inverter. 


The most common two-stage topology for the BESS consists of a 
DC-AC inverter with a bidirectional DC-DC converter. A simple 
design for a two-stage power electronics topology is shown in 
Fig. 10. In that figure, a full-bridge DC-DC converter is used that 
can operate with any voltage and current polarity. The voltage 
polarity and amplitude can be set irrespective of the current 
direction [21]. 

All the BESS power electronics topologies discussed so far has 
no isolation present in them. For utility connection, therefore, a 
line-frequency transformer is used for galvanic isolation. To avoid 
the bulky line-frequency transformers, several bidirectional 
isolated DC-DC converter topologies has been developed 
[22,23]. One such DC-DC topology is given in Fig. 11 that can 
galvanically isolate the output terminals from the input terminals, 
and can step up and down its output voltage by using a high- 
frequency transformer [22]. This topology is not very economical 
due to large device counts. 


2.7. Flywheel energy storage systems 


Flywheels are very popular as energy storage due to the 
simplicity of storing kinetic energy in a spinning mass. Conversion 
from kinetic to electric energy is accomplished by electromecha- 
nical machines. The key is to match the decreasing speed of the 
flywheel during discharge and the increasing speed during 
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charging with a fixed frequency electrical system [9]. Along with 
electromechanical machines, two methods are used to match 
system frequencies, mechanical clutches and power electronics. 
The basic operation for a flywheel can be summarized as follows. 
When there is excess in the generated power with respect to load 
demand, the difference is stored in the flywheel that is driven by 
the electrical machine operating as a motor. On the other hand, 
when a fluctuation in delivered power is detected in the loads, the 
electrical machine is driven by the flywheel and operates as a 
generator supplying needed extra energy. 

The flywheel energy storage systems (FESSs) can be classified 
into two categories. The first technology is based on low-speed 
flywheels (up to 6000 rpm) with steel rotors and conventional 
bearings. The second one involves more recent high-speed 
flywheel systems (up to 100,000 rpm) that are just becoming 
commercial and make use of advanced composite wheels that have 
much higher energy and power density than steel wheels. This 
technology requires ultra-low friction bearing assemblies, such as 
magnetic bearings; and the most current researchers are involved 
in this design [6,12]. 

The most common configuration for supplying flywheel energy 
to the grid is the back-to-back converter as shown in Fig. 12 [24]. 
The variable frequency AC output of the flywheel generator is first 
converted to DC power. The DC bus is then connected to a DC-AC 
converter for connection to the grid. During charging, the grid- 


Fig. 11. Bidirectional isolated DC-DC power electronics topology. 
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Fig. 12. FESS with DC-link power converters. 
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connected converter works as rectifier and the generator 
connected converter works as the inverter. During discharge, 
the two converters exchange their roles to supply power from FESS 
to utility. 


3. Modular power electronics interfaces 


From the previous sections of this paper it is evident that the 
power electronics is an essential component for converting 
generated power into useful power that can be directly inter- 
connected to the utility grid. Because of the similar functions of 
these power electronics capabilities, the development of a power 
electronics interface (PEI) that is scalable to meet different power 
requirements, with modular design, lower cost, and improved 
reliability, will improve the overall cost and durability of 
distributed and renewable energy systems. 


3.1. Integrated power electronics modules 


The modular design approach for the PEI revolves around the 
advanced power electronics devices in form of integrated power 
electronics modules. Power electronics devices evolved tremen- 
dously from their familiar plastic package form towards integrat- 
ing more and more components into a module. The module 
package initially combined discrete switching devices to form a 
half-bridge, then evolved to include full-bridge circuits, three- 
phase bridges (six-packs) and, more recently, gate drives and 
sensors. Integrated power electronics modules (IPEMs), such as the 
Semikron Advanced Integration (SKAI) modules or PM1000 by 
American Superconductor, have also recently come on the market 
[6]. In this approach, along with the power electronics devices; DC- 
link filter capacitors, current and temperature sensors, gate 
drivers, heat sink and optional digital signal processing (DSP) 
controller are combined into a single highly optimized module. The 


DSP based local controller can communicate with a higher level 
controller through different communication interfaces. 

The power electronics devices can be configured in different 
ways inside the IPEM. Some manufacturer products based on half- 
bridge power modules, where each of the half-bridge can be 
considered as the PEBB with their own hardware controller (or 
hardware manager) and sensors. Also IPEM with three-leg, six 
switches configurations is also available in the market [6]. In any 
case, it is important to note that the IPEM concept goes beyond just 
power module structures, and it also includes integration of 
sensing and control with the implementation of auxiliary 
functions. The structure of a representative IPEM is shown in 
Fig. 13 [25]. 

This particular IPEM consists of six IGBT switches arranged in 
three-phase bridge format. The DC bus filter capacitor, voltage and 
current sensors, auxiliary power supply, gate drivers are all 
included inside the IPEM having a common heat sink. A local DSP 
controller can also be included inside IPEM depending on the user’s 
preference for application level of control. 


3.2. Modular PE topologies for DE systems 


From the discussions presented earlier, it can be observed that 
the most generalized and efficient power electronics topology for 
photovoltaic (PV) and fuel cell systems is the isolated DC-DC 
converter cascaded with DC-AC inverter. The wind, microturbine 
systems generate variable frequency AC output which needs to be 
converted into 60 Hz AC for utility connection. The use of back-to- 
back converter is the most efficient way to utilize the generated 
power from wind and microturbine systems. Typically most 
internal combustion (IC) engines are interconnected to the utility 
through a fixed speed synchronous generator, but as discussed in 
Section 2.5, using a back-to-back voltage source converter with an 
IC engine offers the advantage of having variable speed operation 
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Fig. 13. A typical integrated power electronics module. 
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Fig. 14. Generalized IPEM-based power electronics for different distributed energy systems. 


which in turn optimizes fuel usage for varying loads. Depending on 
the type of storage, bidirectional power electronics converters are 
required for utility connection. For battery energy storage system 
(BESS), a bidirectional DC-DC converter followed by a DC-AC 
inverter is the most general choice, whereas for the flywheel 
system a back-to-back converter can be utilized for utility 
connection. A diagram showing the use of IPEM with different 
distributed generation system is given in Fig. 14. 

In Fig. 14, two IPEMs are used for the distributed energy systems. 
Each of the IPEMs include six IGBTs along with gate drivers and 
sensors as discussed in the previous subsection. In some cases, 
additional hardware components are required for designing the 
converter. Also, three power interfaces are shown in Fig. 14 that are 
essential for the operation of the complete system. The source 
interface for such systems typically consists of EMI filters and the 
utility interface includes the line-frequency filters. The DC bus filter 
may also be required if the capacitor inside the IPEM is not sufficient. 
For the isolated DC-DC converters with PV and fuel cell systems, the 
IPEM-based solution is not optimal, as one-third of the switches are 
not used in the H-bridge configuration. However, the IPEMs offer cost 
savings due to the commonality of the hardware and short 
development time for the system [6]. For the power electronics 
topologies with wind, microturbines, IC engine and flywheel 
systems, the high-frequency isolation is not feasible. Hence the 
line-frequency transformers are often included in utility interface for 
galvanic isolation [6]. The power electronics for the battery energy 
storage system (BESS) consists of a full-bridge DC-DC converter can 
operate with any voltage and current polarity. In this topology, a line- 
frequency transformer is included for galvanic isolation [6]. 

The most common power electronics part of each of the DE 
systems is the utility connected inverter. Depending on utility 


connection type, this inverter can be of single-phase or three- 
phase. As can be observed from Fig. 14, the single-phase inverter 
uses only four IGBT switches out of six available ones, hence not 
optimized. The IPEMs offer cost savings due to the commonality of 
the hardware. 


3.3. Controller for PEI systems 


Use of dual converters for the DE systems also provides the 
flexibility of designing different control objectives. In general, the 
source connected converters are used for DC bus voltage control, 
but their applications can vary from one system to the other. For 
example, in PV systems, the source converter is often controlled to 
achieve maximum power point tracking (MPPT) [10]. Similarly, in 
wind systems, the control of the source converter is frequently 
used for controlling generator speed, current and flux [26]. 

There are two basic control modes for the grid-connected 
converters: constant current control and constant power control. It 
is debatable whether an inverter should be allowed to regulate 
voltage during grid-connected operation. The current IEEE 1547 
Standard does not allow distributed generation to actively regulate 
voltage, while some people in the industry suggest that the voltage 
regulation may have some positive impact on the grid [27]. In the 
constant current control, the current injected to thse utility is 
controlled based on a predefined current reference. For the 
constant power control, the active and reactive power output of 
the inverter is controlled. In some cases, the reactive power 
reference could be a power factor reference [27]. Also a variation of 
the constant power control is frequently used for grid-connected 
converters. Instead of using the active power reference, a DC bus 
voltage is regulated, while the input to the converter is a constant 
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Table 1 
Typical control functions with IPEM-based power electronics. 


DE systems Control functions 

IPEM 1 IPEM 2 Additional 
PV Maximum peak power tracking Power flow to grid n.a. 
Wind Generator speed, current, flux DC bus voltage, current to utility n.a. 
Microturbines DC bus voltage Power flow to grid Fuel usage 
Fuel cell DC bus voltage Power flow to grid Fuel usage 
IC engine DC bus voltage Power flow to grid Fuel usage 


Battery-charging 
Battery-discharge 
Flywheel 


Battery terminal voltage 
DC bus voltage 
Generator torque, speed, DC bus voltage 


DC bus voltage Operational mode 
Power flow to grid Operational mode 
Power flow to grid n.a. 


power source to represent the prime mover. In this case, the output 
of the DC bus regulator is proportional to the active power. The 
increase of DC bus voltage means the charging of the DC capacitor, 
hence it can be concluded that the power from the prime mover is 
increasing. In order to maintain the DC bus voltage, the converter 
output power is to be increased so that the power can be 
transferred to the utility [27]. 

Additionally, for the fuel based systems, such as microturbines, 
fuel cells and IC engines, external controller can be designed for 
optimization of fuel based on the system states [6]. In Table 1, some 
typical control functions are shown for different distributed energy 
systems. These control functions are to be implemented for the PEI 
systems either by using the local DSP controller or by utilizing CPU 
based higher level controller and the communications. 


4. Standardization of interfaces 


In traditional centralized digitally controlled power electronics 
systems, construction, debugging and maintenance of the PE 
systems are complicated and difficult due to lack of standardization 
and modularization, and also because of the strong dependence of 
control design on system hardware. The concept of power 
electronics building blocks (PEBBs) provides a way to hardware 
standardization of power electronics systems. Based on PEBB 
concept, the new integrated devices are feasible for distributed 
energy applications as discussed in the previous section. In addition 
to that, standardization in power electronics requires standardizing 
the power flow and signal distribution network, which in turn allows 
for distributed controller approach. The standardization of com- 
munication interface allows division of power electronics system 
into flexible, easy-to-use, multifunctional modules or building 
blocks, which can significantly ease the task of system integration. 
By using control software that is functionally divided into 
hierarchical levels and by standardizing interfaces between levels, 
the application software becomes independent of the hardware 
specifications of power stage and products from different vendors 
can communicate and work with each other [8]. Furthermore, if both 
sides of an interface support device self-identification and system 
resources assignment, then the so-called plug-and-play implemen- 
tation is feasible for future PEI systems. 


4.1. Power interfaces 


From the generalized IPEM-based power electronics for 
different distributed energy systems, as shown in Fig. 14, following 
characteristics should be made available for designing the 
standardized power circuits: 


e Each IPEM should have two ports named DC port and AC port. 
Port and AC Port. 

e Both ports for the IPEM are to be bidirectional and should be able 
to work as buck or boost mode. 


e Device ratings for the IPEMs are limited by manufacturer 
datasheet. Therefore for high power applications, paralleling of 
the converters are necessary. 

e The wiring will be based on the operational power. 

e Filters, transformers and other external circuits design will be 
dependent on the operational power. It is always possible to 
design the circuit for higher power and use it for low power 
applications, but obvious drawbacks will be inefficient design 
and higher cost. 

e Combining multiple sources and/or storages can be done using 
the DC bus. In such case, a single IPEM can be used for DC-AC 
inversion [28]. 


4.2. Control interfaces 


For the modular design of the power electronics for distributed 
generation applications, the control of the PE system can be 
functionally divided into hierarchical architecture as shown in 
Fig. 15. The controller that is the inherent part of the IPEM is 
defined as local controller. In literature it is often called as 
hardware manager [29,30]. The higher level controller is defined as 
application manager. This is the controller external to the IPEM 
that establishes the functions that are the main mission of the 
power electronics system. In order to achieve the goals required at 
the system control level, some standard control functions must be 
performed inside applications manager [6]. If more than one 
application is combined, for example in a hybrid system with 
different DE sources, a higher level system manager is required 
that coordinates the operation as well as maintains the system 
data bus for communicating with the individual application 
managers [6]. 

The local controller is designed to provide control and 
communication functions for the IPEM it is associated with. It is 
designed to support all module specific control tasks thus making 
the module specific functions, such as for example soft switching, 
invisible to the application manager. As the IPEMs provide enough 
calculation capabilities due to the built-in DSP module, it is 
preferred to carry out the voltage and current control inside the 
local controller in addition to the PWM generation for the switches. 
From a generalized evaluation of different converters, it can be 
found that there is a set of common functions shared by all of them 
and also these common functions are related to the lower levels 
[30]. For DE applications, the PWM generation at the lower level 
always relates to either voltage or current control for the particular 
converter. Hence it is desirable to achieve these controls inside the 
local controller to make the system more modularize [6]. 

In addition, the local controller can be used for over-current 
protection and indication; current, voltage and temperature 
sensing with A/D conversion; and communication of PWM, status 
and measurements. Some IPEM manufacturer also offers the IPEM 
without the DSP controller, which in turn provides the user greater 
flexibility of choosing suitable DSP depending on the application 
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Fig. 15. Hierarchical division of control functionalities for IPEMs. 


requirements. In such cases, it is required to define the interfaces 
for the local DSP controller to maintain the modularity and 
standardization for the IPEM system [6]. 

The application manager is the external controller that operates 
to establish the functions that are the main missions of the power 
electronics system [6]. For example, in microturbine applications, 
the power circuit consists of two IPEMs connected in back-to-back 
formation having a common DC bus. The application manager 


Table 2 


Input-output signals and control interfaces for hierarchical controller in an IPEM. 


operates the individual local controllers in such a way that the 
source IPEM (IPEM 1) works for DC-link voltage control and the 
utility IPEM (IPEM 2) controls the power flow to the grid. In order 
to achieve these goals required at the system control level, some 
standard control functions must be performed in the application 
manager. The application manager controls the local controller 
through standard interfaces. It also controls the communications 
data bus for the local controllers. 


IPEM Interface 1 Local Controller (LC) Interface 2 External controllers (EC) and external sensors (ES) 
Inputs Inputs Inputs 

PWM signals (5V CMOS level) = Phase currents S Measurement signals from LC 

Enabling signals Phase voltages Measurement signals from ES 
Outputs D-sub 25pin DC bus voltage Menane Encoder signals 

DC bus voltage connector with Heat sink temperature Fault signals 


Phase currents ribbon cable 
Heat sink temperature 
Fault signals 

1. Excessive switch current 

2. Phase over-current 

3. DC bus over-voltage 

4. Power supply under-voltage 


5. Over-temperature at heat sink 


Relay sense signals 
Encoder inputs 
Zero-crossing detection 


Fault signals from IPEM 


Outputs 
Gate drive PWM signals 


Communication signals for IPEM 


Enabling signals to IPEM 


PWM status signals to EC 


Fault signals for EC 


System operation mode signals from EC 
Protection signals from EC 


signals from sensors 
to analog input of User Inputs — 
DSP PWM status signals 


Outputs 
Reference voltage and current signals to LC 
Communication signals for external data bus 
Relay contactor signals 


< 


Control signals 


from external Protection signals to LC 
controller by CAN System operation mode signals to LC 
or asynchronous 
serial 
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The top level system manager performs the controls tasks at the 
system level, such as responding to users’ commands, coordinating 
performances between different applications, and monitoring 
system execution [6]. Additionally, the system manager can be 
utilized to determine the mode of operation for each of the DE 
systems individually so that the issues related to islanding and 
energy cost optimization can be resolved. 

The input-output signals and control interfaces for a typical 
IPEM hierarchical controller are summarized in Table 2. For this 
particular IPEM, it is assumed that the local DSP controller is 
outside the power electronics module. Furthermore, it is assumed 
that the output of the external sensors is connected directly to the 
local controller’s analog input ports. The connection between the 
local controller and the applications manager is assumed to follow 
typical IPEM manufacturers Controller Area Network (CAN) or 
asynchronous interface [6]. But different open architecture 
communications protocols can also be used as will be discussed 
later. Both the system manager and application manager is 
developed in CPU and named as external controllers in the table. 
All the measurement signals are routed to the external controllers 
via local controller. 

The communication between the IPEM and local DSP controller 
is obtained through a D-sub 25 pin connector with ribbon cable. If 
the DSP controller is inside the IPEM, this communication interface 
is not available to the user. The application manager and the 
system manager are generally implemented in CPU. The commu- 
nications between the local controller and the CPU is typically 
achieved by CAN or asynchronous serial using fiber optics. From 
[30], it can be observed that the bandwidth of the analog type 
signals depends on number of signals; switching frequency; and 
number of bits representing the duty cycle. Analog signals that are 
not directly related to the switching frequency may require a lower 
bandwidth. On the other hand, the channel bandwidth require- 
ment for the digital type signal depends on number of signals; ratio 
of sampling period to transmission time; sampling frequency; and 
number of bits representing the variables. In most of the APEI 
applications, the CAN communication is sufficient for data 
transmission as it can support up to 1 Mbit/s bit rate at network 
lengths below 40 m. But using IPEMs for other type of applications 
such as active filtering may require new communication protocols 
as described in [29,30]. 


5. Conclusions 


Although power electronics (PEs) are the integral part for most 
of the distributed energy (DE) systems to convert power generated 
into useful power for grid-connection and consumer use, they can 
add a significant installation costs for DE system. In addition, they 
are often the least reliable part in the whole DE system design. 
Consequently, from the commercialization perspective, the key 
business needs for DE power electronics are reducing costs and 
improving reliability. 

There are many PE topologies that are being used by the 
distributed energy resource community as discussed in this paper. 
Though most of the power electronics designs are specific to the DE 
technology, they possess some common functionality across the 
technologies. It is therefore feasible to design a modular and 
scalable power electronics interface (PEI) that will allow each of 
the energy source technologies to use the same power electronics 
components within their system architectures thus allowing for 
cost reduction due to high volume production of the PEI modules. 
This modular block approach will also help manufacturers to use 
their products without sacrificing their intellectual property. On 
the reliability perspective, as the module integrates many of the 
subcomponents means that the user is getting a fully integrated 
and tested package, a package that is already qualified to meet 


some of the stringent specifications and therefore highly reliable. 
The integrated power electronics module (IPEM) based back-to- 
back converter topologies has been presented in this paper as a 
viable PE interface that can operate with different DE systems with 
small or no modifications. 

However, to reach the goal of modularity, some challenges must 
be overcome first. One challenge lies in defining the power and 
communication interfaces. The power connection interfaces must 
be simple enough for the common consumers to accomplish 
installation. Standardization is also required for the communica- 
tion interfaces between modules, packages and controllers. IEEE 
standards do not currently address this issue, and there is no 
standard for communication between different products. To 
address the standardization issues, a control structure that is 
functionally divided into hierarchical levels is discussed in this 
paper. The standardized interfaces that are required between 
levels are also pointed out. By utilizing the proposed control 
structure, the application software will becomes independent of 
the hardware specifications of power stage; and products from 
different vendors can communicate and work with each other. 
Further research and development is necessary to expand 
requirements and implement proposed modular power electronics 
associated with distributed energy interconnection with utility 
grid. 


Acknowledgements 


This work was supported by the U.S. Department of Energy 
under Contract No. DE-AC36-08-GO28308 with the National 
Renewable Energy Laboratory. The authors wish to thank the 
California Energy Commission (CEC) for funding this project’. 


References 


[1] California Energy Commission. Distributed generation strategic plan. Publica- 
tion no. P700-02-002; 2002. p. 42. 

[2] Kroposki B, Pink C, DeBlasio R, Thomas H, Simoes M, Sen P. Benefits of power 
electronic interfaces for distributed energy applications. IEEE Power Engineer- 
ing Society General Meeting 2006;8. 

[3] Navigant Consulting. DER integration research program power electronics 
research assessment. California Energy Commission. CEC-500-2005-206; 
2005. p. 71. 

[4] Navigant Consulting. DER integration research program power electronics 
research assessment. CEC presentation; 2004. 

[5] Hingorani NG. Power electronics building block concepts. In: IEEE Power 
Engineering Society General Meeting; 2003.p. 1339-43. 

[6] Kramer W, Chakraborty S, Kroposki B, Thomas H. Advanced power electronic 
interfaces for distributed energy systems. Part 1. Systems and topologies. 
National Renewable Energy Laboratory. Report TP-581-42672; March 2008. p. 
132. 


1 The National Renewable Energy Laboratory is a national laboratory of the U.S. 
Department of Energy (DOE) managed by the Alliance for Sustainable Energy, LLC 
for the U.S. Department of Energy under Contract Number DE-AC36-08-G028308. 
This report was prepared as an account of work sponsored by the California Energy 
Commission and pursuant to an M&O Contract with the United States Department 
of Energy (DOE). Neither the Alliance for Sustainable Energy, nor the DOE, nor the 
California Energy Commission, nor any of their employees, contractors, or 
subcontractors, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use 
would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, 
or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the Alliance for Sustainable Energy, or the DOE, 
or the California Energy Commission. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the Alliance for Sustainable 
Energy, the DOE, or the California Energy Commission, or any of their employees, or 
the United States Government, or any agency thereof, or the State of California. This 
report has not been approved or disapproved by the Alliance for Sustainable Energy, 
the DOE, or the California Energy Commission, nor has the Alliance for Sustainable 
Energy, the DOE, or the California Energy Commission passed upon the accuracy or 
adequacy of the information in this report. 


S. Chakraborty et al. / Renewable and Sustainable Energy Reviews 13 (2009) 2323-2335 2335 


[7] Treanton B, Palomo J, Kroposki B, Thomas H. Advanced power electronics 
interfaces for distributed energy workshop summary. National Renewable 
Energy Laboratory. Report BK-581-40480; 2006. p. 255. 

[8] Guo J, Celanovic I, Borojevic D. Distributed software architecture of PEBB- 
based plug and play power electronics systems. In: IEEE Applied Power 
Electronics Conference and Exposition APEC. 2001. p. 772-7. 

[9] Farret FA, Simoes MG. Integration of alternative sources of energy. Wiley-IEEE 
Press; 2006978-0-471-71232-9. 

[10] Kjaer SB, Pedersen JK, Blaabjerg F. A review of single-phase grid-connected 
inverters for photovoltaic modules. IEEE Trans Ind Appl 2005;41(5):1292-306. 

[11] Blaabjerg F, Chen Z, Kjaer SB. Power electronics as efficient interface in dispersed 
power generation systems. IEEE Trans Power Electr 2004;19(5):1184-94. 

[12] Carrasco JM, Franquelo LG, Bialasiewicz JT, Galvan E, PortilloGuisado RC, Prats 
MAM, et al. Power-electronic systems for the grid integration of renewable 
energy sources: a survey. IEEE Trans Ind Electr 2006;53(4):1002-16. 

[13] Staunton RH, Ozpineci B. Microturbine power conversion technology review. 
Oak Ridge National Laboratory, Report ORNL/TM-2003/74; 2003. p. 40. 

[14] Nikkhajoei H, Iravani MR. A matrix converter based micro-turbine distributed 
generation system. IEEE Trans Power Deliv 2005;20(3):2182-92. 

[15] Xu H, Kong L, Wen X. Fuel cell power system and high power DC-DC converter. 
IEEE Trans Power Electr 2004;19(5):1250-5. 

[16] Cheng KWE, Sutanto D, Ho YL, Law KK. Exploring the power conditioning 
system for fuel cell. In: IEEE Power Electronics Specialists Conference IEEE- 
PESC. 2001. p. 2197-202. 

[17] Al-Khayat N, Al-Tayie J, Seliga R. Stand alone adjustable speed power gen- 
erating set. In: International Conference on Harmonics and Quality of Power. 
2002. p. 639-43. 

[18] Kawabata Y, Morine Y, Oka T, Ejiogu EC, Kawabata T. New stand-alone power 
generating system using wound-rotor induction machine. In: IEEE Conference 
on Power Electronics and Drive Systems IEEE-PEDS. 2001. p. 335—41. 

[19] EPRI-DOE handbook of energy storage for transmission and distribution 
applications; 2003. 


[20] Leung KK, Sutanto D. Using battery energy storage system in a deregulated 
environment to improve power system performance. In: International Con- 
ference on Electric Utility Deregulation and Restructuring and Power Tech- 
nologies DRPT. 2000. p. 614-9. 

[21] Mohan N, Undeland TM, Robbins WP. Power Electronics: Converters, Applica- 
tions, and Design. Wiley; 2003978-0-471-22693-2. 

[22] Inoue S, Akagi H. A bidirectional isolated DC-DC converter as a core circuit of 
the next-generation medium-voltage power conversion system. IEEE Trans 
Power Electr 2007;22(2):535-42. 

[23] Li H, Peng FZ, Lawler JS. A natural ZVS medium-power bidirectional DC-DC 
converter with minimum number of devices. IEEE Trans Ind Appl 2003;39(2): 
525-35. 

[24] Lazarewicz ML, Rojas A. Grid frequency regulation by recycling electrical 
energy in flywheels. In: Proceedings of IEEE Power Engineering Society Gen- 
eral Meeting; 2004. p. 2038-42. 

[25] Mookken J. Modular approach simplifies power-system design. Power Elec- 
tronics Technology 2006;46-9. 

[26] Simoes MG, Farret FA. Renewable energy systems: design and analysis with 
induction generators. CRC Press; 2004978-0-849-32031-6. 

[27] Ye Z, Walling R, Miller N, Du P, Nelson K, Li L, et al. Reliable, low-cost 
distributed generator/utility system interconnect. National Renewable Energy 
Laboratory. Report SR-560-38017; 2006. p. 131. 

[28] Khersonsky Y, Robinson G. PEBB modules in distributed generation applica- 
tions. In: IEEE Power Engineering Society General Meeting. 2003. p. 1366- 


71. 

[29] Celanovic I, Celanovic N, Milosavljevic I, Boroyevich D, Cooley R. A new control 
architecture for future distributed power electronics systems. In: IEEE Power 
Electronics Specialists Conference, PESC. 2000. p. 113-8. 

[30] Rosado S, Wang F, Boroyevich D, Wachal R. Control interface characterization 
of power electronics building blocks (PEBB) in utility power system applica- 
tions. In: IEEE Power Engineering Society General Meeting. 2003. p. 1350-5. 


